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SUMMARY * 

We constructed five different structures, consisting of a genetic tnarker flanked by directly repeated sequences 
2-4 Kb long, is the BatiUus subtitis chromosome. When a selective pressure was applied amplification of the 
mariccr and one of the repeats was observed in all cases. AjapHffcation vas not detected with two markers 
which were not flanked by the repeated sequences. The maxfarom amplification level observed with the different 
structures varied between 5 and 50- The size of the most amplified structure corresponded to 7.5% of the 
chromosome. Amplification was stable upon growth of cells under non-sdecttve conditions. **r h copy of an 
amplified gene was expressed with equal efficiency. These results indicate that chromosomal gtae amplification 
may be useful for constructing genetically engineered B. subtiRs strains. 



INTRODUCTION 

Gene amplification has been observed in several 
pftricaiyotes such as Gram-negative Proteus mirabilis 
(Rownd and Michel, 1971; Rownd etah, 1973), 
Escherichia coH (Mottes ct aL, 1979; Normarik et aL, 
1977; Chandler etaL, 1979; Albertmi etaL, 1982X 
SahrwrteUa typhmurium (Gutterson and Koshland, 
1983) and Gram-pgntivc Streptococcus pneumoniae 
(Qewefl et aL, 1975; Vasseghi and CJaverys, 1983). 
Strcptomyces fiudiae (Fishraan and Hershbcrger, 
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1983) and BaciUus jrubttfis (Young, 1984). It occurred 
most often when a selectable gene flanked by directly 
repeated DNA sequences was present on a placmid 
(Peterson and Rownd, 1983) or on a chromosome 
(Gutterson and Koshland, 1983 , Young, 1984). Am- 
plifiahle structures of this type may arise naturally, as 
when a gene happens to be flanked by two IS se- 
quences (Hashimoto and Rownd, 1975; dewdl 
et aL, 1975; Mattes et aL, 1979) or be constructed 
artificially (Peterson and Rownd, 1983; Gutterson 
and Koshland, 1983; Young, 1984), In several re- 
potted instances the amphfiable structure was 
what different, the selectable gene itself being a pan 
of a directly repeated rather than of a unique se» I 
qnence (JEdhind and Narmark, 1981 ; Atbcrtmi et aL, I 
1982). This type of gtiucture may arise by spon- | 
xaneous duplication of bacterial genetic material j 
(Anderson and Roth, 1977). Amplified structures 
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were never found to be sLabJe £a a recombmation- 
proflcient organism, ic^ the level of amplification 
decreases in the absence of a elective pressure 
(Hashimoto and Rownd, 1075; Anderson and Roth, 
1977; Normarket aL, 1977; Yagi and Clcwdl, 1980; 
VassegM and Oaverys, 1983; Spies and Laufs, 
1983), 

la the present work we describe gene ampKflcatioa 
in the J?. subtUU chromosome. We constructed Ave 
different amplifiable structures, consisting of two 
different selectable genetic markers and three dif- 
ferent repeated sequences. Amplification was ob- 
served in all situations- Tin's observation confirms 
and extend* previous reports, where a single marker 
and a single repeal were used (Young, 1984; Sargent 
and Bennett, 1985) and indicates that amplification 
can occur in the B* subUHs chromosome whenever an 
amplifiable structure arises. We furthermore examin- 
ed the stability of amplified structures and found no 
decrease of the level of amplification during pro- 
longed growth in the absence of selective pressure, 
although the host bacterium wa* proficient in recom- 
bination. This unusual fcarure makes chromosomal 
geac amplification a potentially useful process for 
genetic engineering of if. subtWs. 



MATERIALS AND METHODS 

(a) Bacterial rtrafrg and plasmids 

These arc listed In Table I. The relevant construc- 
tions are described below. 

(b) Enzymes 

Restriction enzymes, DNA ligase and KcoG 
DNA polymerase were commercial preparations 
obtained from Boehrmger (Mannheim, R)R.G„X 
Amersham (U.K.) or Genofil (Geneva, Switzerland) 
and wens used according to suppliers' instructions. 
4'^ANT activity was determined as described by 
SadaieetaL (1980> * 

(c) DNA 

Chromosomal DNA was prepared by CsCI centric 
fixation of lysozyme^SDS treated bacteria (Hams- 



Warwick et al., 1975). Hasmid DNA was prepared 
by CsO-£tdBr centriftgatioja (Qewdl andHeKnski, 
1969) or hydroxyiapatite column chromatography 
(Cohnan et hL s 1978) of appropriate lysates. 

(d) Induction of competence and transformation 

Competent E. cok and &> subiilis cells watt pre- 
pared as desmbed by Dagert and Ehrifich (1979) and 
Niaudet and Ehrlich (1979), 10-100 /igAp/ml, 
5-10 fig TcM 15-20 /ig KmfmL and 25 *g Cm/ml 
were used to select E. caff Uansformants and 
3 jag Cm/ml to Select B. jubt&s transfonnants. Km R 
B . subti&x uansformants could not be selected direct- 
ly but could easily be identified m congreaaion experi- 
ments (Nlaudet et 1984). 

(e) Hybridization 

[ 32 P]DNA probes were prepared by nick trans- 
lation as described by Rlgby el aL (1977). Southern 
(1975) analysis and dot hybridization (Thomas, 
1980) were performed as described. 

(f) Strain constructions 

Plasmids used for strain constructions arc shown 
iu Figr 1. Strain construction scheme is shown in 
Kg- 2, ihc structures constructed in Fig- 3. Fheno- 
typc and Southern analysis of the strain* gave the 
expected results few all strain t* (data not presented). 




CtaH 





rf P ' MmWs ° an * n * "S™" 1 * "VB sod X 
of the B. sutrUJi chromosome. 
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TABLE I 

List of* trams and pb&nudb 



Bacterial sfodos 


Genetic marker** 


Origin or reference 


JET. colt 


* — 




HVC45 


rind 1 Z»-5 1hl-\ IccV km2\ npE44 fcdfl rjwL 


R* Davis 


6. subttfis 


. 




SB2Q2 


tfpC2 tyrA 1 <tmff2 Afcff2 


P. Schaefler 






$. Z abler 


ft 


jM ] j/tt0Z totf 2 trpCl *ir(pHV452) ritftfMJ 


Niaudrimia<19B4) 




1 an>B7 hhlf! w(pHV472) det{ihA) 




A 




tins work 


B T 


iyr^I a«tf2 A£ff//2 to(pHV472, lAyS) dupifhyP) «ag>(*) 


this work 


*x 


lyrA I fl/«M Aif/tt fci(pHV472, JT) dxtp{Z) &p{A?B) 


this work 


D 


tyrAl ara32 hisHl Aif(pHV472) d*l(thA) £z*(pHV3348]) ^(pBR322dBl) 


tfrfj work 


E 


grXl am&2 teF2 rwtpHV472, Jf) ^tf) dupflfyB) to(pHV33^31) 


this work 




<A<p(pBR322d81) 






Nature or coasouctioa 


Sefcrenoc 



pBR322 

pC194 

pUBUO 

pHY32 

pFTV33 

PHV33J81 
pHV43» 

pHV452 

pHVA57 
pHV47l 



; vector 
Natural isolate 

Natural isolate ■ " * ' 

Tc* rtvftrxant obtained in vfvo from pHVf4 
Hybrid between j>Cl?4 and pBR322 
JJamHI-cieflved pHV33 eroded by BAL31 
JJtimHI-cIeavcd pHV33 eroded by BAL3I 

Hybrid between pHV32 and segment thyB and X of the A jitftfflt chromo- 
sorae 

Ilybrid between pHV33d8l and segment /Apfl and JT of the p. subtife chromo- 
some 

£an3A segments 1 and IV of pTJBIiO inserted itt the BamKl rile of pBR322 
Hybrid between pHY457 aad segments rtptf and * of the 5. m&tffit cbrorno- 
somc 



Bolivar ct (1977) 
iordaucscn (1975) 
Grycsan et aL (1978) 
Frtxnroac and Ehriich (19B1) 
FffWrtfosc and Ehrfich (1981) 
NRipdct ct aJ. (I9S4) 
Pogcrt et aJL (19B4) 
Niaudct ct aL (1982) 



Nlaxidcttt al (1964) 

this work 
this work 



* Genetic modifications due to insertion of plaanida into the chromosomes of BacSha sutotto are described as Mows (Yandex «t al- 
1984): [1) ins foltawod by bracketed plasmid name denotes the Auerted plaamid. Wben tbx in jertfon of the plasmid may occur la ditfercnt 
chromosomal regions, the silo of integration is indicated after the name of the plaamld. {%) d*tl or dup followed by bracketed gene or 
ftequeoee flame and number denote cFe/euons or dup\icauoru s n^cctivery, waiting Jrom plasmid insertion. (3) pBR322d8I represent* 
the pBR322 sequences present in ptfV^si, 



RESULTS 

(a) Amplification or tte Km* gene 

(1) Duplicated pBR322 sequences 

The amplification unit present in the strain Acon- 
sists of a Km* gene and the sequences originating 
from pBR322 (Fig- 3). Amplification should give rise 
to bacteda carrying more than one copy ofLhe Kra R 
gene, and therefore more resistant to Km than the. 
parental strain. The proportion of bacteria resistant 
10 different Km eonccntf atJotis was determined by 
spreading a culture of strain A on the appropriate 



media (Table II). A unique copy of the gene confer- 
red resistance to I fig Km/mL A small fraction of Ih 
bacterial population was resistant to higher antibio- 
tic concentration. 

Bacteria resutant to different Km concentrations 
were isolated by cultivating strain A cells ia appro- 
priately supplemented liquid media. Ia a typical ex- 
periment 10' bacteria/ml ware inoculated in JL broth 
containing JO/fgKm/ria. The number of bacteria 
resistant to lhat antibiotic concentration, doubled 
each 20 mm, as determined by plating aliquots of the 
culture on media supplomerited with 10 fig Km/ml. 
This growth rate was the same a* that of parental 
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Of ft 






I 



Kflnsmyc in 
fai /tnl) 



F*g. 2. Schematic rfcpnaoacatlon of the coflSlruciion pf strain* 
harboring topfieations in their chromosome. Double rod tfam 
Hoe* represent charactered plasmW or ctoamo&oma] DNA; 
respectively % dAshed line represent uncharadcrizod chrom^ 
awaal DNA; black boxc*: generic markers, which arc indicated 
by Ml and M2. DCO. denote crossover; SCO, singl* 
crossm^over.. 




A L_.T LI 



* L 




Fig, 4. Gene arapifflcatloa in type a bacteria. 2 of chroma- 
amnal DNA extracted from bacteria grown a£ dUfercm Km 
concentrations (theso are indicated above the bnea) were 
digcrcd with Chi and run oo a 05% agaxoxc gc) !n Trts -ED* 
TA-borate butter ^pplejfcaiied wiih OS ^ Etd$r/mL /7/>iain- 
deavad DNA was used a» a & B marker (not shows* 



, Hg.3. ScWidc n^nsematioii of (ho t^ff n^on of* jwtafr 
nrams comainmg piaamide in their chromosome. Double and 
thin Ws TTOcnt wquenws of pkraild and chromosomal 

»^f ?PCqriVe/y - C 10 ^ » K » ^ fiena, P co 
PBR322 ^craaa^ T to to a wgmeoi of unknown 

Jj&Qcnc content, A*U«, ampEftcmion unit. Doubla-beadbd zn*ow3 
dahr^^c^on unit*. Strain * and a ware constructed by 

of pHV4J7 and pHV^Bi imo the cbromoaoma ofTaS^ 
"U*^. fltraitxs Bx and By by a SCO integration cf P HV45* 

It* SB202 chromosome, re^t^, 

nraxa B by a S CO intern of pHV3 3 ^ , ^ the^ZS 
scms, 5CO and DCO modes ofIace^ n ^d^^^ 



TABLE II 

Proponion of bacteria resistant to increasing Km costaitradcms 
In cultures of «rrairtt A. Br and B x 

Km concentration 
(MS/ml) 



Plating efficiency* 



0 
} 
2 
4 
S 



I 

LAxUM 
5 * X 10^* 
1.9 x ID-* 6 



1 
1 

IK J0^ 2 
2xI0-« 



1 
I 

1 x I0- 6 



° C^Pax^ colony count in the absence of Km 
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bacteria m an antibiotic-free medium, as determined 
in a control experiment This indicates thai exposure 
to Km did not induce the resistance, but that the 
more resistant bacteria were being enriched by 
growth inn the selective medium. 

We isolated bacteria resistant to 2, 2.5, 3, 4, 5, 8 
and 10 fig Km/ml, and analysed their chromosomal 
DNA by dectrophoresis after cleavage with CfaL A 
strong fluorescent band was visible above the 
background of weak fluorescent bands in each DNA 
except thai of the parental strain (Fig, 4). This shows 
thai amplification took place, a segment of the same 
size being released by CM from each amplification 
uniL 

The level of arapH6cation was determined by den- 
sitometry (sec footnote b in Table III), It increased 
from one copy in the parental strain to a plateau of 
about 30 in the strain resistant to 5 jig Km/ml 
(Fig, 5). These reaulls show that the initial increase 
of the resistance to Km (until 5 jxg Km/ml) is due to 
gene amplification, whereas the farther increase may 
be due to other factors, A similar conclusion was 
reached by analysing DNA extracted from strain A 
bacteria resistant to much higher concentrations of 
Km (up to 320 jug/ml, Table in), The level of ampKfi- 

TABUS Jfl 

i*vel of amplification In bacteria resutam to fauwmyqfa 



JCrn cottcDntttitnjiL 
<PSM> 


Amplification icvd 




Hybrid izatfrjT 


Deasriqnne*ry b 


1 


1 


ND 


10 


24 


20 


20 


35 


35 


40 


23 


23 


80 


34 


30 


MO 


ND° 


26 


320 


22 


26 



Oot ftytridlzatfon used. 
b Dcnakcmetiy was performed on a negative of a photograph 
todi ** dial fthown in Tte level 0 f ampHfiearion was 
determined by comparing Has area uodex the peak corresponding 
to ampURai DNA segment vnfo arcw mewed for control 
jangle* which contained the saint amount or chromooomki 
DNA devoid of ihe amplified segment and a known proportion 
of a reference platimU The duplicate mezsuremeau dtftod by 
tea than 10%. TWs method was used throughout ihfr work to 
determine the icW gf amplification, unless stated ottowfee. 
° not derenntecd. 



a 

9 

a 



ao 



zo 




Krft je4i4tanao , pg/mf 
Fig. 5. Rdarioiwliip betweeo the copy number of pHV457 said 
the tcvet of Km icAistajoce of the strain A. 

cation determined by densitometry surd dot hybridi- 
zation did not exceed 30. High resistance was there* 
fore not dne to gene amplification, and can possibly 
be attributed to accumulation of mutations which 
renders ceBs impermeable to Km, such as those de- 
scribed previously for EStoS resistant to another 
aminoglycoside, streptomycin (Bryan and Van den 
Elzen, J 976). 

The resistance of bacteria harboring 1 Or 30 copies 
of the amplification unit to different aminoglycosides 
was compared by the disc inhibition method. It in- 
creased in most cases with the increased gene nixrr> 
berra a manner analogous to that observed for Km. 
Ak F however, was an exception, since only a low 
resistance was displayed by both strains, which sug- 
gests thai the enzyme has a low affinity for that 
antibiotic. Starting with bacteria containing 30 
copies cf the amplification unit we isolated bacteria 
resistant to 8, 16 and 32figAJc/ml, and found that 
they contain 53 t 46 and 51 copies of the amplification 
unit, respectively, This result illustrates that 0 am- 
plification above the level of 30 may be achieved by 
using an adequate selection; (n) a plateau of amplifi- 
cation is again encountered. It is interesting to note 
that bacteria resistant to Ak could be isolated ftom 
the ceDs containing a single rovptfferion tmit. but 
thai they did not cany amplified strucmre. They were 
presumably permeation mutants of the type dis- 
cussed above. 

(2) Duplicated B. subdlis sequences 

The amplification unit in strains B consisted of the 
Km* gene, pBR322 and two sequences deriving 
from the B. subtUis chromosome, thyB and2T(Fig. 3), 
In strains B T and B x duplication of thyB and X f 
respectively, should allow amplification. The pns 
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portion of R r and B x bacteria resistant to different 
Km concentrations is shown in Table IL The former 
bacteria were more rcaisiani than the latter to doses 
upto4/4g Km/ml, a very small fraction of both bedog 
resistant to S M g Km/ml. 

Bacteria resistant to 10 Km/ml were isolated 
by growth m liquid medium and the level of geae 
amplification was determined. bacteria carried 5 
copies of the amplification unit, while B x bacteria 
carried 20 copies. These values were not higher in 
bacteria resistant to increased Km concentration (up 
to 20 cag Km/ml in the case ofB*). These results are 
analogous to tho$ B obtained with the strain A and 
show that amplification eau occur in strains Bx and 
B x > An invierse correlation between the level of am- 
plification and the resistance conferred by a unique 
gene copy (judged by the fraction of bacteria resistant 
to a given Km concemnirion, Table II) is observed 
for the two B strains. Hie reasons for the variation 
of expression of the Kin* gens are noi clear at 
present 

(b) Amplification of the Cm* gene 

Tbe amplification unit present in the strain D 
consists of a gene encoding resistance to Cm and 
sequences originating from pBR322 and is thus very 
similar to that present in the strain A (Fig. 3). The 
strain carrying a single copy of the amplification nnh, 
was rcsisUwt to 5 jig Cm/ml. We have isolated bac- 
teria resistant to 10 F 25 and 50 m Cm/ml by growth 
hi liquid medium and repearedty failed to isolate 
bacteria resistant to 100 fig Cm/ml or more. 

The level of amplification in the different strains 
was determined after cleaving the extracted DNA 
with Chi. This enzyme releases a L5-kb segment 
from the Cm* geae and no sequences of that size 
from the B.sidmUs chromosome, which allows 
flouring a low amplification level. No amplifier 
tkm was detected in bacteria resistant to 5 and 
10 Cm/ml, Bacteria resistant to 25 and 
50 fig Qn/ml carried 2_5 and 7 copies of the amplifi- 
cation unit This shows that gene amplification oc- 
curs in ihe strain D. 



(c) Amplification of Km* and Cm* 



genes 



PBR322, the second (AU2) contains the entire AU 
Km R geae and B, subtUis sequences xhyB and 
pig. 3), In this situation the celh selected for i 
increased number of Km* genes ore expected t. 
contain an increased number of the Cm* genes 
while the cells selected for an increased number o 
the Gm R genes need not contain an increased nam 
ber of the Km R genes. 

Cells resistanx to 25 ^ 2 Cm/ml and 30 Km/mj 
appeared ^ith the frequency of 3J x 10" 6 and 
2.5 x 10 ^ J , respectively, in a culture of strain E 
grown in antibiotic-free medium. Cells grown in the 
medium supplemented with 10 >xg Km/ml were resist 
taut to boih iQfxg Km/ml and 25 pig Cm/ml. This 
indicates that all sequences present within an ampli- 
fication unit amplify at the same time. Surprisingly, 
cells grown in the medium containing 25 jig Cm/ml 
also became resistant to both antibiotics. This result 
suggests that the AU2 it amplified preferentially to 
AUl in the strain E. The reasons for that preference 
are not known. 



W Amplification requires duplicated 



Sequences 



T^o amplification units ware present m the strain 
"» e fif« (AUl) is composed ofthe Cm R gene and 



Km R and Cm R genes could be amplified wheat 
flanked by repeated DNA sequences. To determine 
whether duplication is essential for amplification we 
made use of strains a and 5 m which the two genes 
are not flanked by duplications (Fig. 3) and which 
are resistant to 1 fig Km/ml and$ M g Cm/ml, respec- 
tively. We isolated bacteria resistant to 10 fig Km/ml 
from the strain a and found no amplification in their 
chromosome by other densitometry or Southern 
hybridization. We failed to isolate bacteria resistant 
to 10 fig Cm/ml from the strain a. Bacteria resistant 
to 5 Cm/ml contained no amplified structure. 
These results indicate that gene amplification occurs 
in the B. subffis chromosome only when duplicated 
sequences are present. 

(c) Stability of amplified sequences 

To examine the stability of amplified sequences we 
cultured Km-resistant cells ofthe type A (Fig. 3) 
which carried 30 copies ofthe amplification unit for 
150 generations in a Km-frce Hquid medium. Plating 
efficiency of the culture on a medium containing 
7.5 fig Km/ml remained 100% throughout thai 
period, in a control experiment we determined that 
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cells containing 15 copies of the amplification unit 
plate on that medium with an efiBciency of 0.1 %. If 
in our plating assay 100% efficiency could not be 
distinguished from that of 90 % 7 the frequency of loss 
of IS copies of the amplification unit (giving cells 
containing only 15 copies) was less than 10 " J per 
generation (the traction F of cells maintaining the 
original number of copies is given by 
F - 1 - (1 ~ pY* 1 wherep a»d n stand for frequency 
of loss per generation and number of generations). 
This observation indicates thai the amplified struc- 
tures are maintained stably in cells of lie type A. It 
was confirmed by DNA analysis of cells cultured for 
ISO generations in the, absence of Km, which 
contained 28 copies of the amplification unit, as 
determined by densitometry. This value is not signifi- 
cantly different from 30, determined for cells ai the 
outset of growth in the Km-free medium. A similar 
result was obtained with ceils of the type B (Fig. 3) 
which carried 20 copies of the amplification unit. No 
loss of resistance was observed by the plating assay 
after 20 generations of growth in a Km-free medium. 

(f) Expression of the amplified Km* gene 

Km R gene used in this work derives from piasmld 
pUBHO and encodes 4'-AKl\ We datennined the 
enzyme activity in crude extracts of type A bacteria 
containing the amplified gene and fbund that it was 
linearly proportional to the gene number (not 
ahown). It is interesting 10 note thai strains, resistant 
to very high levels of Km (20 mg/ml) and containing 
30 copies of the gene, did not produce more enzyme 
than the strains resistant to 5-10 }i% Km/ml, which 
also contained 30 copies of the gene, TWa shows that 
ihc high resistance was not due to ihe enhanced 
expression cf the Km R gene, and supports the con- 
clusion drawn from DNA analysis that it may be due 
to the presence of unrelated mutations. 



discussion 

We observed amplification of five structures con- 
sisting of an antibiotic resistance gene flanked by 
duplicated DNA sequences hi the B. xubtih chrome- 
some, No amplification was Absented if the res*V 
tance gene was not flanked by duplications. This 



result, together with those of other authors (Ybun& 
1983; 1984; A- Albertinl and S.GaHzzi 7th 
European Meeting on Transformation, Paris, 1984; 
Sargent and Bennett, 1985) indicates thai amplifica- 
tion may occur in B* subtiSs whenever an adequate 
structure adscs in its chromosome. 

Different structures could be amplified to different 
levels. Maximal amplification was observed with a 
gene specifying 4'-ANT flanked by repeated 
pBR322 sequences (strain A). Cells carrying up to 50 
copies of the gene were isolated by a two-step enrich- 
ment procedure, selecting first for growth in Km* 
then in At The amplified structure represented 
7.5% of the chromosome (the unit of amplification 
and the chromosome being 6 kb and 4000 kb, re- 
spectively). 20 and five copies of the same gene were 
found when It was present within a different amplifi- 
cation unit (strains B x and B T ), the size of amplified 
strucmres being 13% and2.5% of the chromosome, 
respectively. The level of resistance was nevertheless 
identical in the three situations. This suggests that 
the Km* gene may be expressed with a different 
efficiency witirin different amplified structures. The 
reasons for this are not clear ax present Within the 
same amplified structure each gene copy appeared to 
function with the same efficiency, as judged by the 
fact that in cells of the type A the amount of 4' -ANT 
synthesized was proportional to the number of genes 
present. 

The level of Cm resistance (50 jig/ml) and the 
amplification of the Cm acecylase gene (7 copies) 
observed here were somewhat lower than those pre- 
vious^ reported (50-100 fig Cm/ml; 7-20 copies- 
Young, 1984; A-AIbertiui and S. Galizzi! 
7th European Meeting on Transformation, 1984; 
Sargent and Bennett, 1985). This may be due to 
differences between strains and/or ampHfiablc struc- 
tures used in different experiments. Further experi- 
ments may allow differentiation between these alter- 
natives. The lower level of amplification of the Cm* 
than that of the Km* gene may be due to the fact that j 
the acetyj-coenzyme A* used for modifying the for- { 
mer antibiotic, becomes limiting in the cell and, 
therefore, renders selection of cells carrying a higher I 
number of genes impossible (Foster, 1983). 

Although amplified structures are generally not 
maintained stably in recombination^proficieDt bac- 
teria, wc observed high stability of the amplified 
structures studied here. This feature, which remains 
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to be explain cc^ indicates tHat chromosomal gene 
amplification may become useful for constructing 
genetically engineered £. jubtllis strains. 
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